A method for establishing the kinetics and products of the electrochemical degradation of hexachlorobenzene (HCB) is described. One plausible way of reducing HCB´s toxicity is through cathodic dehalogenation. The characterization of products formed during the electrochemical reduction and the reaction kinetics are both reported. Pentachlorobenzene (PCB), tetrachlorobenzene (TCB) and trichlorobenzene (TriCB) were identified among the degradation products by high performance liquid chromatography (HPLC) with ultraviolet (UV) detection. The kinetics is analyzed under different electrolysis conditions.
Introduction
Hexachlorobenzene (HCB) is mainly used as a fungicide to prevent wheat from being attacked by common bunt and for soil treatment. It is also used as a plasticizer. It forms the basis for pentachlorophenol production and can be found as a by-product of some industrial hydrocarbon processes. 1, 2 HCB finds its way into the environment either through the combustion of chlorinated compounds (during waste incineration) or the use of HCB-containing pesticides. 2 HCB is completely re-absorbed from food in the gastrointestinal tract; it is then metabolized and accumulates in adipose tissues. 2, 3 As it is adsorbed strongly to suspended particles in water, it accumulates in sediments; its estimated half-life (abiotic and biotic) is longer than one year and it does not degrade naturally in surface water reservoirs. 4 Common metabolites include 2,3,5-trichlorophenol, tetrachlorobenzene and pentachlorobenzene. 2 From available knowledge of the possible products 1, 2, 5 the likely HCB dehalogenation route is shown in Scheme 1. Under specific experimental conditions one can control the dehalogenation degree so as to yield a specific desired product; alternatively, the reaction may be allowed to proceed to total dehalogenation. Electrochemical methods offer important alternatives for the treatment and remediation of waste streams containing organic and inorganic pollutants and may offer distinct advantages in specific cases over other technologies. 6 They are environmentally friendly since the main reagent is the electron, and additional reagents are seldom necessary. They are safe and energetically efficient, since extreme conditions of temperature and pressure are not required. In addition, potential control may allow for the selective activation of specific bonds so as to prevent secondary products which are normally undesirable. From an operational stand point these methods typically require simple equipment, are easily automated, and their cost is comparatively low. 6, 7 T h e e l e c t r o c h e m i c a l d e h a l o g e n a t i o n o f organochlorinated compounds such as lindane, aldrin, dieldrin, DDT (dichlorodiphenyltrichloroethane), and HCB has proven feasible. 5, 8, 9 HCB can be reduced in methanol to produce pentachlorobenzene (PCB), tetrachlorobenzene (TCB) and trichlorobenzene (TriCB) (as monitored with Vol. 26, No. 4, 2015 differential pulse voltammetry, DPP) at -1.33, -1.57 and -1.84 V/NHE, respectively. 5, 10 Binary aqueous/non aqueous solvents can also be used for example in the electrochemical reduction of CCl 4 in order to diminish the amount of solvent required. 11 In addition, the electrochemical reduction of halogenated organic compounds can be facilitated by redox mediators. This concept has been applied to the reduction of chlorinated biphenyls with several types of catalysts such as anthracene, zinc phthalocyanines and Schiff bases of cobalt (II) complexes. 12 A crucial step in HCB dehalogenation is the characterization of products. Chromatographic methods generally allow for the separation, identification and quantitation of products in mixtures of organochlorinated compounds generated from diverse environmental samples (e.g., HCB, aldrin, dieldrin, DDT, endosulphan). [13] [14] [15] [16] [17] The chromatographic method most commonly used for the characterization of HCB and its products is gas chromatography with mass spectrometric detection. The development of an HPLC with spectrophotometric detection method as an alternative for the analysis of the products is now reported, together with a study of the reaction kinetics of the electrochemical dehalogenation of HCB in different reaction media, in the presence or absence of CoSalen as a homogeneous catalyst. This species has the ability to reversibly bind oxygen and is often used in dehalogenation processes.
Experimental

Reagents and chemicals
Analytical-grade reagents (Baker, Aldrich, Fluka) were used throughout this work. Aqueous solutions were prepared with milli-Q water (18 W cm -1 ). For the electrochemical study a three-electrode, 50 mL electrochemical cell was used. The high initial HCB concentration was 20 mg L -1 . The working electrode was a 1 × 1 × 0. 6 10, 18 and J. T. Baker methanol (MeOH) was used as co-solvent (Phillipsburg, USA). The Fluka HCB (Buchs, Switzerland) samples were prepared in ACN at different concentrations.
The following standards were prepared with HPLC-grade acetonitrile: pentachlorobenzene (PCB), pentachlorophenol The HPLC operation conditions were as follows: the mobile phase was an acetonitrile/methanol/water mixture (30/30/40, v/v/v), and a gradient was used during the separation. This phase was degassed with a BAS LC-26B vacuum degasser. A nitrogen flow of 0.4 mL min -1 (Praxair, 99.99%) was used and the injected sample volume was 20 µL. Product identification was performed through the addition of known standards. UV detection was tested at different wavelengths, and that at 227 nm was selected. Initial conditions for the chromatographic separation of the reduced species were those proposed by Ross et al., 17 for the study of the products of the electrochemical reduction of PCP (i.e., an acetonitrile/methanol/water, 30/30/40, v/v/v, as mobile phase). The composition gradient, detector wavelength, and flow rate of the mobile phase were tuned so as to get a respectable chromatographic peak separation.
CoSalen was analyzed before and after the electrochemical treatment for HCB dehalogenation so as to observe its possible degradation. Figure 1 shows the chromatograms for CoSalen (curve a, retention time = 2.8 min) and HCB (curve b, retention time = 4.9 min). A calibration line for HCB was obtained under the present separation conditions with an associated linear correlation coefficient (0.9952).
Identification of the degradation products with HPLC-UV
This technique was used for the determination of the products from the electrochemical transformation of HCB under different electrolysis conditions. Likely products of the electrolysis of halogenated compounds include those shown in Scheme 1 (i.e., PCB, TCB, TriCB, DCB, CB and B). Table 1 . The study of compounds such as 1,2,3-TriCB and 1,3,5-TriCB requires a modification of the mobile phase in order to achieve a better chromatographic peak separation since isomers are known to display similar retention times.
The mobile phase was modified at will by adding water to the system up to a 10% v/v composition, and the acetonitrile (ACN) concentration decreased accordingly.
With this, the polarity of the mobile phase was increased and the elution times tended to increase. For example in the case of HCB, when the aqueous medium is increased the sample elutes at retention times of up to 7 min and shows better separation. With the obtained results one can identify the species generated during the constant potential electrolysis of HCB.
Takamuku et al., 19 suggest that the solubility of the mixture is better at molar fractions ranging from 0.3 to 0.4, and presents a lower solubility at molar fractions of 0.1, 0.6 and 0.8. This is obtained based on the correlations defined by Szydlowski and Szykula. 20 The highest microheterogeneity or aggregation that these authors obtained was at a fraction of 0.4. The results obtained in the present work coincide with their observations [19] [20] [21] [22] since there are severe solubility limitations in some of the media utilized.
Results and Discussion
Kinetics of the HCB electrochemical dehalogenation These systems were studied: (i) in the presence, and (ii) in the absence of the CoSalen catalyst. In each case four electrochemical potential values were used: -1.8, Figure 3 features the reaction kinetics in the organic medium (acetonitrile) at -1.8 V/SCE in the absence of CoSalen. After 60 min, the HCB concentration decreases down to 1.1 mg L -1 (i.e., 92.3% with respect to the initial value of 14.3 mg L -1 ). The prevailing species after 3 h of electrolysis is TCB, followed by the signal corresponding to the compounds with lower halogenation degree. Figure 4 shows the behavior of the HCB dehalogenation at -1.8V/SCE without catalyst in an aqueous-organic medium (10% v/v acetonitrile/water). The result is similar to the previous case in that a 90% dehalogenation (from an initial HCB concentration of 10 mg L -1 to a final concentration of 1 mg L -1 ) is obtained in approximately 60 min. In addition, the proportion of less halogenated species is higher than that of polyhalogenated species.
The reaction rate remains essentially constant. The organic medium favors the appearance, identification, and quantitation of all the halogenated species, whereas in the aqueous-organic medium the signals corresponding to each species tend to overlap. This effect does not limit the HCB dehalogenation, but it hampers the quantitation of species. Table 2 shows the kinetic variables of the studied systems. Entries 1 and 3 show the rate constant values (k), the reaction order (ro), and the percent of HCB reduction as compared to similar systems where the same potential was applied (i.e., -1.8 V/SCE). In the present case the aquoorganic medium (10% v/v acetonitrile/water) is combined with the use of the CoSalen catalyst (see entries 2 and 4 in Table 2 ). In general, the rate constant increases with the use of the catalyst from 3.65 × 10 -3 to 5.14 × 10 -2
. At the same time, the use of an organic or an aqueous-organic medium does not impact in the kinetics of the reaction (i.e., neither in the reaction rate nor in the reaction order). A similar conclusion was obtained when comparing the effect of dimethylformamide vs. acetonitrile on the reduction of chlorinated compounds. 5, 8, 9 In spite of the low impact on kinetics, all of the systems evaluated at -1.8 V/SCE yielded HCB reduction percentages higher than 90% when using CoSalen in an organic medium. ) is observed at 60 min as well as a clear trend towards the generation of the less halogenated species by the end of the electrolytic process. The reaction order is 1.5 and the reaction rate constant decreases with respect to those at higher potentials (Table 2) . Figure 6 features the reaction kinetics under the same conditions as those in Figure 5 , but now in an aqueous-organic medium (10% v/v acetonitrile/water). At 60 min of electrolysis, 82% of HCB dehalogenation
) is obtained and the less halogenated species are found predominantly by the end of the electrolytic process, closely followed by the PCB species. The reaction order is again 1.5, but the reaction rate constant increases one order of magnitude. Therefore the aqueous-organic medium presents advantages over the organic medium. In summary, HCB dehalogenation is achieved at all the potentials studied here.
The reaction orders in the systems shown in Table 2 can be interpreted to mean that HCB dehalogenation in systems without catalyst does not follow a simple dehalogenation process (i.e., successive reactions), but consists of the simultaneous transformation of various species. 5 This means that HCB is transformed into PCB, and then PCB is transformed into TCB (several isomers are possible here), and so on. The importance of each simultaneous reaction is a function of the concentration of its precursor species.
In the presence of the CoSalen catalyst the reaction rate tends to be constant and becomes greater at higher reduction potentials ( Table 2 ). The application of a higher potential improves the HCB transformation into the next successive dehalogenation species (PCB); likewise, the transformation of PCB into TCB is improved at higher potentials and so on with the rest of the species, which offers a transformation scheme that favors those species with fewer chlorine atoms especially at longer electrolysis times. Table 2 also shows the values of k, ro and HCB reduction percentages at -1.6 and -1.4 V/SCE. At -1.6 V/SCE (entries 5, 6, 7 and 8) the rate constant decreases in the presence of CoSalen (e.g., in organic media) from 5.98 × 10 -2 (entry 5) to 2.91 × 10 -3 (entry 6). CoSalen promotes a reaction order change from 2 to 1.5. Such changes are related to the number of species present in the reduction process, i.e. CoSalen limits the number of HCB species available to be reduced to PCB, and this to TCB. Reduction percentages varied from 76.9% up to 95.4%. The best conditions, at -1.6 V/SCE, were found when using CoSalen in an aqueous-organic medium (entry 8). In the case at -1.4 V/SCE, systems 10, 11 and 12 do not experience significant changes in rate constans, while the reaction order changes again due to the presence of CoSalen (Table 2) . HCB reduction percentages vary more widely (i.e., from 77.6% to 93.3%) than those at -1.8 and -1.6 V/SCE. The best conditions were obtained when using CoSalen and an aqueous-organic medium (entry 12). The experiment in an aqueous-organic medium and in the absence of CoSalen (entry 9) did not yield a consistent result.
From data in Table 2 it is possible to analyze the effect of the three study parameters: the reaction medium (organic vs. aqueous-organic), the use or absence of the CoSalen catalyst, and the effect of potential (-1.8, -1.6, -1.4 and -1.2 V/SCE).
When the reaction medium is changed from organic to aqueous-organic the reaction order is not affected. Likewise, the value of the rate constant stays at the same order of magnitude when these systems are compared. Changes are prompted when both factors are combined simultaneously, i.e., the presence of the catalyst and the change of reaction medium. Another factor to be emphasized is that the efficacy of the dehalogenation process is not affected by the use of an aqueous-organic medium. Some authors 23, 24 suggest that the degradation kinetics and efficiency increased with increasing water content and the dechlorination followed pseudo-first order kinetics. 25 However, the signals obtained in the organic medium are clear and well-defined, whereas in the aqueous-organic medium they tend to overlap. This effect complicates the analysis of the spectra of the species with fewer halogen atoms (i.e., benzene, chlorobenzene, and dichlorobenzene).
As for the use of CoSalen catalyst there is a remarkable effect on both the rate constant and on the reaction order. When the nature of the reaction medium is maintained, the presence of the catalyst tends to increase the reaction constant up to one order of magnitude and decrease the reaction order down to zero. In addition, the reaction rate remains essentially constant (within an order of magnitude) at all the applied potentials (except at -1.6 V/SCE, where the reaction order was 1.5).
Conclusions
The products of the electrochemical reduction of HCB are evidenced and quantified by HPLC-UV and include PCB, TCB, TriCB and the appearance of compounds such as DCB, MCB and B. Reaction kinetics was also followed by HPLC. The dehalogenation reaction occurred at all the applied potentials.
